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Simultaneous self-assembly of two distinct DNA origami nano-
structures folded with the same scaffold strand was achieved in a
single pot. Relative yields were tuned by adjusting concentrations
of the competing strands, correlating well with folding kinetics of
individual structures. These results can faciliate efficient fabrication
of multi-structure systems and materials.

Structural DNA nanotechnology” is a powerful approach for the
self-assembly of structures with precisely programmed geome-
try and function. DNA origami,”™ in particular, enables the
design of nanodevices with complex shape, tunable mechanical
properties, and programmable dynamics.’”” In this approach, a
mixture of many synthetic ssDNA strands, referred to as staple
strands, bind to two or more distant segments of a long circular
strand of ssDNA, referred to as the scaffold, which is typically
7000-8000 nucleotides long. Staple binding orchestrates folding of
the scaffold strand into precisely defined shapes with nanometer or
even sub-nanometer precision® with potential applications in
biosensing,” " drug delivery,"””™** and nanofabrication.”>""” While
these devices have demonstrated tremendous promise, the details
of self-assembly are not fully understood. A better understanding is
critical to improving rapid and high yield assembly and enabling
efficient workflows to design application-specific devices including
complex systems consisting of multiple structures.

Previous studies have revealed the primary factors driving
DNA origami self-assembly are the entropy cost associated with
forming scaffold loops as staples bring two different domains
together'®2° and the kinetics of binding staples which serve as
nucleators early in the self-assembly process.”’** A critical
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parameter within these studies is whether or not the folding
reactions occurred in thermal equilibrium (typically by slow
annealing from 90-95 °C>%) or out of equilibrium by jumping to
a critical temperature as in the case of isothermal folding
protocols,” by chemical quenching,”>*® or by mechanical
means.”” In the case of slow annealing, the most thermodyna-
mically stable local regions of an origami fold first, enhancing
cooperativity of binding for some nearby regions. Interestingly,
if there are multiple sets of staples, each coding for a different
nanostructure, domains of different structures can fold within
the same scaffold to create a chimera.?® However, in studies
with more rapid changes to folding conditions, staples with
faster binding kinetics drive nucleation, and folding the
remainder of a structure proceeds very quickly. Yields of
complete structures remain high despite the greater likelihood
of falling into kinetic traps.*>**’

Here we demonstrate that in a mixture of staple sets for
multiple structures, tuning the kinetics of folding in out-of-
equilibrium folding protocols, we achieve complete assembly of
multiple distinct structures. We show it is possible to effectively
bifurcate the folding pathway to co-self-assemble two different
user-defined rod-like structures, 6-helix bundle (6HB) and
18-helix bundle (18HB) DNA origami nanostructures (Fig. 1A
and B), simultaneously in one pot with tuneable ratios. We first
characterized folding of the individual structures at various
staple strand concentrations and isothermal annealing tem-
peratures. Our results reveal that the kinetics of self-assembly
for structures folded separately correlate with yields during
co-self-assembly and indicate that early folding events are key
in regulating mixed folding results.

For each assembly reaction, we followed previously estab-
lished protocols for isothermal folding®® testing constant
annealing temperatures initially in the range of 40-60 °C
(Fig. S1, ESIt) then narrowed our range to 52-58 °C (Fig. 1C
and D). At high staple concentrations, both structures exhibited
high yield folding over most of the temperature range, while the
range of temperatures at which structures fold clearly varies
between the 6HB and 18HB for lower staple concentrations.
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Fig.1 (A and B) Solid models of 6HB and 18HB structures with corres-
ponding TEM images of individually folded structures. Scale bars are
100 nm. (C and D) Gel shift assay of isothermal annealing protocol for
6HB and 18HB structures at 200 nM, 80 nM, 40 nM, 20 nM staple
concentrations (lane 1 shows a 2.5 day annealing protocol, and lanes
2 through 9 show folding constant annealing temperatures at 58, 57.6,
56.9, 55.8, 54.4, 53.4, 52.6, and 52 °C). Full gel images and corresponding
fluorescence gel scans are provided (Fig. S3-S11, ESIf). (E and F) Plots
show corresponding band intensity for 6HB and 18HB gel results quanti-
fied from triplicate data. Intensities were normalized against the 2.5 day
annealing control.

In particular, at 40 nM staple concentration there isa ~2 °C
decrease in the upper bound of temperatures at which the 6HB
folds while the 18HB exhibits a more dramatic decrease in the
upper bound. Additionally, the maximum yield for both struc-
tures appears to be nearly insensitive to staple concentrations
over the range of 10-fold down to 2-fold excess; however, higher
staple concentrations are more robust against temperature
variations (i.e. larger range of high yield annealing tempera-
tures). Reducing the staple strand concentrations to be equi-
molar with the scaffold concentration (20 nM) results in a large
reduction in yield. These results suggest staple strands can be
conserved without sacrificing folding yield for these structures,
at least down to 2-fold excess, but at the cost of requiring more
careful consideration and control of the annealing tempera-
ture. Most importantly, the range of temperatures and concen-
trations at which these two structures fold are distinct from one
another, especially at lower staple concentrations, which
suggests that in a mixture containing both staple sets we could
find regimes where one structure or the other folds preferen-
tially. At 53 °C we see a significant variability in yields between
the 6HB and 18HB while both still exhibit a reasonable yield of
folding. Thus, we chose to use 53 °C isothermal folding reac-
tions for all subsequent experiments.

We characterized the folding kinetics for both structures by
quenching folding reactions in liquid nitrogen at specific time-
points during isothermal annealing to evaluate folding progres-
sion by gel electrophoresis. We found that at early annealing
times, a band corresponding to partially folded structures
appeared with a slower mobility than well folded structures.
We quantified the intensities of gel bands corresponding to
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both partially folded and well folded structures and fit these
data to a simple 3-state model.

In this model, we simplified the kinetics of DNA origami
folding to an initial unfolded state, an intermediate partially
folded state, and a completely folded state. We only consider
the forward reaction rates and assume that the reverse reaction
rates are negligible giving only two rate parameters (details in
ESIt). The chemical reaction is depicted below:

WS (1)

where [U] is the concentration of unfolded structure, [P] is the
concentration of structures in an intermediate partially folded
state, [F] is the concentration of folded structures, k; is the
forward rate from unfolded to partially folded states, and &, is
the forward rate from partially folded to fully folded states.
Although there are likely a large number of partially folded
intermediate states, we found that a substantial subset of them
appear to localize within a single broad lane during gel electro-
phoresis, which allows us to consider them all as one effective
intermediate. Fig. 2A and F illustrate example results of gel
electrophoresis experiments to evaluate progression of folding.
We extracted effective rate constants by fitting our model to
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Fig. 2 Example of comparison of kinetics for (A) 6HB origami folded with
20 nM staple concentration and (B) 18HB origami folded with 40 nM staple
concentration. Quantification of kinetics from gel data for 6HB (C) and
18HB (D). TEM images of structures excised from lagging bands in 40 nM
18HB kinetics at 30 min (E) and 24 h (F) showing partially folded and dimer
structures, respectively. Scale bars are 100 nm. Effective rate constants
ki (G) and k, (H) for 20—-40 nM 6HB staple strand concentrations (green)
and 20-70 nM 18HB staple strand concentrations (orange).
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relative band intensities corresponding to these two leading
and lagging bands.

At later time points for the 18HB, a narrower peak corres-
ponding to dimer structures appears (Fig. 2B, D and H) which
has a gel mobility similar to partially folded structures at earlier
time points. To avoid considering these dimers, we weighted
earlier time points more heavily in fitting than later time points
(Fig. S2-S11, ESIt). Examples of folding kinetics results for the
6HB and the 18HB are shown in Fig. 2A-H. A summary of all
extracted rates is provided in Fig. 2(G and H). These results
demonstrate kinetics of folding vary strongly with staple
concentration and higher concentrations of 18HB staples are
required to match the kinetics of folding for 6HB.

Over this range of concentrations, the 6HB folding kinetics
are faster than the 18HB, even for conditions where the overall
yields are lower. We hypothesize that the cooperative nature of
folding combined with isothermal annealing protocols will
drive co-self-assembly in a manner which favors structures with
faster folding kinetics; hence, at similar staple concentrations
the 6HB would more likely fold to completion over the slower
folding 18HB. The fitted folding rates for the individual 6HB
and 18HB suggest that the 18HB would need approximately
1.5 to 2 times greater concentration of staples to achieve similar
folding rates to the 6HB (Table S1, ESIT). This suggests the
18HB may outcompete the 6HB in co-self-assembly when the
18HB staples are at higher concentrations. To test our hypothesis,
we characterized co-self-assembly reactions involving a range of
both 6HB and 18HB staples to determine if any structures fold to
completion and whether the relative yields of structures are
consistent with predictions based on the kinetics of individual
structures. Our results show that mostly well-folded 6HB appear
in the folding reactions with both staple sets at standard concen-
trations (200 nM) (Fig. S12, ESIt). This is a subtle but critical result
demonstrating that a DNA origami nanostructure can successfully
fold to completion in a mixture of interfering strands. Further-
more, the result that the 6HB outcompetes the 18HB is consistent
with the general trend of the 6HB exhibiting faster folding kinetics
at similar staple concentrations. We proceeded with co-self-
assembly reactions using concentration ranges over which the
folding kinetics of each structure were comparable. We used a
fixed amount of 6HB at low concentrations (20, 30, and 40 nM)
and a larger range of 18HB concentrations from 0 nM to 120 nM
(Fig. 3). Each structure included an overhang to bind a fluores-
cently labeled oligo to allow quantification of folding. From laser-
scanned agarose gels and TEM images, we found that low
concentrations of 18HB staples resulted in well-formed 6HB.
Intermediate 18HB concentrations resulted in a mixture of both
well-formed 18HB and 6HB, while high 18HB concentrations
resulted in well-formed 18HB structures. For the case of 20 nM
6HB staples, both structures successfully self-assemble at roughly
equal ratios when the 18HB staples were also at ~20 nM. The
cases with 30 nM and 40 nM 6HB staples require ~1.5-2x more
18HB staples to achieve equal amounts of folded structures.
Individual color channels for scanned gels and additional TEM
images are provided in Fig. S13-S15 (ESIT). With this data, we can
map out conditions which primarily produce 18HB, 6HB, or a
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Fig. 3 (A) Gel shift assay of 6HB staples kept constant at 40 nM, 30 nM, or
20 nM with titrations of 18HB staples from 0 nM to 120 nM in increments of
10 nM showing a transition from 6HB folded structures to 18HB folded
structures. Lanes C6 and C18 are controls with structures folded at
standard 200 nM staple concentrations. (B) Quantification of gels run in
triplicate with presented as the fraction of band intensity corresponding to
18HB divided by total band intensity of regions containing both 6HB and
18HB. (C) Band intestines of 6HB normalized to control showing compe-
titor facilitated folding of 6HB at lower concentrations. (D) Confirmation
via TEM show 6HB structures and 18HB from the same folding reaction
from excised gel bands. Images are representative of samples folded with
18HB staple concentrations around their respective transition from mostly
6HB structures to mostly 18HB structures but the particular conditions for
chosen images are all with 40 nM 6HB staples and 70 nM (left), 90 nM
(middle), and 110 nM (right) 18HB staples. Scale bars are 100 nm.

desired ratio of both. Therefore, without altering staple designs, it
is possible to bifurcate the 6HB and 18HB folding pathways to co-
self-assemble two distinct populations in desired quantities by
varying staple concentrations in a single-pot reaction. Closer
examination of the yields of each structure in competitive folding
reactions revealed that low concentrations of 18HB staples, in
fact, increased yields of 6HB structures as shown in Fig. 2c. This
result is somewhat unexpected considering typical behaviors of
biomolecules in competitive binding assays and seems to indicate
some amount of competitor facilitated folding.

We have shown that folding reactions containing a mixture
of staple strands from two distinct DNA origami nano-
structures, a 6HB and 18HB, can be tuned to result in fully
folded versions of each in a single pot reaction. We found that a
greater fraction of 6HB folded compared to 18HB unless 18HB
staples were ~1.5-2 fold the concentration of 6HB staples.
These results correlate with our characterization of folding
kinetics in which a 1.5-2 fold greater concentration of 18HB
staples was necessary to match the folding rates of 6HB, even in
folding conditions where 18HB exhibited higher yields. Since
the folding rates of 6HB are faster, the early formation of
partially folded regions of 6HB allow it to dominate co-self-
assembly reactions. These partially folded regions of 6HB likely
organize the remaining scaffold in a configuration that inhibits
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18HB formation. Specifically, since the 6HB is rather long,
upon partial folding some regions of scaffold may become
physically separated enough to prohibit the formation of scaf-
fold loops necessary for 18HB nucleation (i.e. piecewise binding
of 18HB staples). TEM imaging of partially folded states in
combined folding reactions (Fig. S16, ESIt) suggest sections of
6HB form first, which supports the idea that kinetics of early
folding events are important and that these partially folded
structures may topologically inhibit binding of staples from the
18HB. This illustrates how the topology of nucleating domains
likely influences folding pathways. Structural frustration at
nucleation sites has previously been shown to impact folding
for DNA origami with different isomers.>® Our results suggest
these factors can also impact the formation of entirely different
structures. Also, a critical difference between the 6HB and
18HB is in packing of helices in the bundle. All bundles in
the 6HB structure have only 2 neighboring helices, resulting in
fewer crossovers per bundle. Thus, 6HB staples are more likely
to have longer binding regions than the 18HB whose core
helices necessarily have 3 neighboring helices. The longer
binding domains of 6HB would both thermodynamically and
kinetically favor 6HB formation (Section S1.7, ESIT). A closer
look at the staple strand designs reveals a region of the 6HB
with many staples that have segments with relatively high
melting temperatures (Fig. S39, ESIf), which may also play a
role in favoring 6HB folding.

Another interesting phenomenon observed in our data is the
increased yields of 6HB formation with low concentrations of
18HB staples. We might expect that the introduction of 18HB
staples facilitates rearrangement or restructuring of misfolded
structures. Since the 6HB exhibits greater yields in individual
folding reactions at slightly higher temperatures, introduction
of competing DNA may offer a similar benefit to increased
temperature. It is possible that some 18HB strands, which
happen to occupy some of the scaffold effectively increase the
ratio of 6HBs to available scaffold. Additionally, 18HB strands
that bind to two distant regions of the scaffold could effectively
pay the entropic penalty to facilitate binding of 6HB strands.

Further exploration into the details of DNA origami self-
assembly using co-self-assembly reactions could reveal design
principles for directing assembly through topologically con-
trolled pathways.>® Our approach could be combined with
existing higher-order assembly schemes to create more
complex single-pot structures through multi-component hier-
archical assembly. This would be especially useful for creating
higher-order structures in complex environments such as
within hydrogels or in biological environments where delivery
of a fully assembled construct is challenging. Combining
co-self-assembly reactions with DNA-based computing or sen-
sing mechanisms, this work opens the possibility for smart
nanofabrication where the type of nanostructure formed can be
programmed as a function of environmental conditions.
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